Introduction {#Sec1}
============

The dynamical control and the preparation of well-defined quantum states with a high degree of accuracy and fidelity is a prerequisite for several important applications. In Nuclear Magnetic Resonance (NMR)^[@CR1],[@CR2]^ or in Nitrogen-Vacancy(NV) center^[@CR3]^ experiments, the accurate control of quantum spins is essential. The generation of entangled states is of special interest for their use as resources in various contexts such as quantum computing^[@CR4]^, quantum cryptography^[@CR5]^ or quantum metrology^[@CR6]^. For instance, extremely accurate optical clocks using the entanglement between ions^[@CR7]^ have been realized^[@CR8],[@CR9]^.

In spite of these achievements, engineering entangled states with massive particles is still a challenging experimental task. Indeed, undesirable interactions of the quantum system with its environment unavoidably take place during the preparation stage, which tend to spoil the fidelity of the final state with respect to the target quantum state. The effects of such parasitic couplings increase with time, so that their influence may be attenuated by accelerating the quantum state preparation. For this purpose, shortcut to adiabaticity (STA) protocols^[@CR10]^ have been used successfully in various contexts^[@CR11]--[@CR18]^. STA protocols have been proposed for the generation of entangled states with atomic spins^[@CR19]--[@CR24]^. Unfortunately, this acceleration comes at the price of a significant energy overhead. A perfect fidelity obtained through an extremely short time of preparation would generally require an unrealistic amount of energy.

Here, we combine STA protocols with a fine-tuning of the control parameters mitigating the effects of dissipation during the quantum state preparation to reach high fidelities with realistic parameters. We setup a systematic procedure to adapt in open quantum systems protocols optimized for dissipationless systems. It consists in maintaining the original geometry of an optimal quantum path in a dissipative environment by a proper engineering of the control fields.

We first discuss one-body quantum systems. For spin 1/2-like quantum systems, we show that a magnetic field correction, involving a moderate overhead of resources, enables one to compensate exactly the effects of the dissipation onto the average spin orientation. The correcting field only depends on the geometry of the trajectory and on the spin-field coupling constant, and not on the details of the magnetic or electric fields used to generate the trajectory. The preservation of the quantum trajectory on a Bloch sphere is exact and non-perturbative. An important benefit of our method concerns Stimulated Raman Adiabatic Passage (STIRAP)^[@CR25]--[@CR27]^. Among other applications, STIRAP has proven to be a key element for the formation of ultra-cold molecules^[@CR28],[@CR29]^. We show below how our procedure may enable a fast and reliable STIRAP in the presence of dissipation. Interestingly, our procedure also preserves the robustness to noise in protocols originally designed in the absence of dissipation and involving the interaction of a two-level system with a noisy laser source.

This one-body procedure can be successfully transposed to more complex interacting quantum systems. Precisely, we show how the effects of dissipation in the quantum trajectories of two interacting spins controlled by a single magnetic field can be dramatically attenuated. We apply this approach to the fast generation of entangled Bell states in an environment presenting linear dissipation. For convenience, we shall model the effect of dissipation through non-Hermitian Hamiltonians contributions. Non-Hermitian Hamiltonians, eventually corrected through an effective procedure^[@CR30]^, provide indeed a satisfactory simplified treatment of several phenomena such as superradiance^[@CR31]^, transport^[@CR32]^ in open quantum systems. Nevertheless, the method presented here could be adapted to account for the full quantum master equation.

Results {#Sec2}
=======

Cancellation of dissipation anisotropy through a fine-tuning of the driving field {#Sec3}
---------------------------------------------------------------------------------

We expose below our procedure, which relies on the adaptation of the driving field to a given dissipative environment. Starting from a control field inducing a quantum trajectory in a dissipationless environment, we build up a correction which depends on the geometry of the quantum trajectory and on the structure of the linear dissipation. Up to a renormalization factor, this technique enables one to preserve exactly the quantum trajectory in spite of the dissipation. This approach is non-perturbative and involves only a moderate overhead of energetic resources.

### Problem statement {#Sec4}
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### Principle of our method {#Sec5}

We introduce a renormalized average spin $\documentclass[12pt]{minimal}
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The magnetic field correction, **b**(*t*), indeed only addresses the anisotropy of the dissipation. The renormalization rate $\documentclass[12pt]{minimal}
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### Explicit evaluation of the correction {#Sec6}

To illustrate our method, we evaluate the magnetic field correction for a general trajectory **S**~0~(*t*) and with a dissipation tensor exhibiting different transverse Λ~*xx*~ = Λ~*yy*~ = Γ~⊥~ and longitudinal $\documentclass[12pt]{minimal}
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### Energy considerations {#Sec7}

We now discuss the energy overhead induced by our magnetic field correction. For our method, the amplitude of the magnetic field correction scales as the maximal difference between the dissipation tensor eigenvalues, and is completely determined by the spin orientation. In particular, it is unaffected by the average spin damping and is also independent of the magnetic field strength used to generate the dissipationless trajectory. We consider a *π*-pulse in a system with negligible longitudinal dissipation $\documentclass[12pt]{minimal}
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Application to fast population transfer {#Sec8}
---------------------------------------

The procedure described above is particularly well-suited to enhance the performance of fast population transfer in open quantum systems. We show indeed that our method drastically enhances the efficiency of a STIRAP population transfer and avoids the contamination of the final state by the initial or/and intermediate states despite the presence of dissipation. As discussed below, an additional key feature of our procedure is that it preserves the benefits of a previous optimization toward a noise source.

### Fast Stimulated Raman Adiabatic Passage {#Sec9}

STIRAP enables robust population transfers between two states, denoted \|1〉 and \|3〉, which are both coupled to a third intermediate state \|2〉 with two quasi-resonant fields. Differently from the usual STIRAP protocols, in the quantum-accelerated STIRAP protocols^[@CR16],[@CR37]--[@CR39]^ the system quantum state may experience a significant overlap with the intermediate state \|2〉 during the transfer. This distinctive feature turn these quantum-accelerated STIRAPs more fragile to a dissipation process involving the intermediate state. In a Λ-level configuration, the intermediate state has a higher energy and may thus suffer a stronger dissipation than the lower levels \|1〉 and \|3〉. As discussed below, our procedure provides a significant enhancement of these quantum protocols in such a dissipative three-level system.

We consider the Λ-level configuration of Fig. [1b](#Fig1){ref-type="fig"} where only the intermediate state \|2〉 is subject to dissipation, corresponding to a transfer outside the multiplicity {\|1〉,\|2〉,\|3〉}, and modelled by a non-Hermitian Hamiltonian $\documentclass[12pt]{minimal}
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### Preservation of the robustness to noise {#Sec10}

Several methods have been developed to optimize the control of two-level systems against noise, either due to the thermal environment^[@CR41]^ or to the field driving the system^[@CR42]^. We investigate here the effect of our procedure on a quantum protocol of fast population transfer in a two-level atomic system originally optimized against the amplitude noise of a laser source and in the absence of any dissipation. As discussed below, our procedure preserves the benefits of the optimization towards this noise source, while improving the population transfer in the presence of an additional dissipation process.

Following ref.^[@CR42]^, the dynamics of a two-level atomic system controlled by the noisy laser field are adequately described by a Bloch equation of the form ([1](#Equ1){ref-type=""}) involving an effective magnetic field $\documentclass[12pt]{minimal}
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Application to fast generation of entangled states {#Sec11}
--------------------------------------------------

We now discuss the benefits of our procedure for the fast generation of two-qubits entangled states in open quantum systems. Quantum teleportation, relying on the ability to prepare entangled states, has early been considered as an important resource for scalable quantum architectures^[@CR45]^. More generally, single and two-qubits quantum operations are the building blocks for quantum information processing in experimental architectures involving spin chains and arrays^[@CR46]--[@CR53]^. Any enhancement of the quantum fidelity in these basic operations is thus important for larger quantum information processing tasks.
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                \begin{document}$$\{|\,++\rangle ,|{\rm{Bell}}\rangle \}$$\end{document}$ multiplicity is damped by dissipative processes. Nevertheless, in a perturbative treatment of the dissipation, one may treat to leading order this trace as an invariant of motion. The quantum motion can then be captured by the usual three-dimensional Bloch vector picture by using a projection of the reduced density matrix on the three Pauli matrices. This yields an equation of motion for the Bloch vector involving a precession due to the magnetic field and an additional constant drift induced by the dissipation anisotropy. Finally, we find the corresponding magnetic field correction by considering the undamped Bloch vector motion (Supplementary material). A similar perturbative approach still holds for the Optical Bloch Equations while they cannot be accounted for by a non-Hermitian Hamiltonian^[@CR55]^. The associated Bloch vector follows indeed a precession equation involving simultaneously a linear anisotropic dissipation tensor and a constant drift.
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Discussion {#Sec12}
==========

Our analytical approach builds up quantum protocols in dissipative systems from their dissipationless counterpart. It is based on the preservation of the geometric motion of a quantum state vector on the Bloch sphere and addresses dissipative processes described by non-Hermitian Hamiltonians. The resource overhead required to implement the corrected control fields is small. It successfully enhances the efficiency of fast STIRAP transfers in a dissipative environment. Interestingly, our modified protocol can preserve an optimization made in a dissipationless context. Our approach could thus be particularly relevant in situations where shortcuts to adiabaticity are used jointly with optimal control protocols^[@CR56]--[@CR58]^. This procedure has been extended to quantum systems involving two interacting quantum spins. Our method for enhancing the quality of two-spin entanglement could be fruitfully incorporated within single or two-qubit operations in larger quantum architectures^[@CR46]--[@CR53]^.
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